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Introduction 28
AlphaFamImpute is a software package for calling, phasing, and imputing genome-wide 29 genotypes in full-sib families when individuals are genotyped with single nucleotide 30 polymorphism (SNP) array or genotyping-by-sequencing (GBS) data. Many applications in 31 genetics and breeding rely on the availability of low-cost high-accuracy genotypes. GBS is an 32 alternative to SNP arrays (Baird et al., 2008; Davey et al., 2011; Elshire et al., 2011) , where specific 33 restriction enzymes are used to focus sequencing resources on a limited number of cut sites. GBS 34 is particularly attractive for species without an existing SNP array or as a low-cost alternative to 35 SNP arrays (e.g., Gorjanc et al., 2015 Gorjanc et al., , 2017 . 36 GBS data, and in particular low-coverage GBS data, suffers from a large proportion of 37 missing or, when naively called, incorrect genotypes. Unlike SNP array data, where genotypes are 38 called directly from the genotyping platform, with GBS data genotypes must be called from 39 observed sequence reads. It is challenging to accurately call an individual's genotype when no 40 reads or a small number of reads are generated at a particular locus. Genotype calling accuracy can 41 be increased by considering the haplotypes of other individuals in the population and detecting 42 we expect that the accuracy of genotype calling, phasing, and imputation from GBS data is highest 49 when population structure is taken into account. In the context of an outbred full-sib family, 50
Increasing accuracy via family-specific genotype arrays 4 imputation can be simplified by recognizing that we only need to consider the four parental 51 haplotypes and identify of which pair of haplotypes the offspring inherited at each locus. Here we 52 describe our software package AlphaFamImpute that leverages this particular population structure 53 to improve the accuracy of calling, phasing and imputing genome-wide genotypes and which 54 decreases run-time compared to existing methods. We focus on outbred full-sib families because 55 this represents a population structure commonly found in research populations, and in animal and 56 plant breeding programs. 57
Method 58
AlphaFamImpute performs imputation using a two-step approach. In the first step we call, 59 phase and impute parental genotypes based on the segregation states of their offspring. Segregation 60 states indicate which pair of parental haplotypes an individual inherits at each locus (Ferdosi et al., 61 2014 ). We carry out this step iteratively. At each locus, we use the segregation states to project the 62 offspring data to the corresponding parental haplotypes. We combine these parental haplotype 63 estimates with the parents' data to call parental genotypes at the locus. We then update the 64 offspring segregation states based on the called parental genotypes. Unlike magicimpute (Zheng 65 et al., 2018) or hsphase (Ferdosi et al., 2014) , we treat the offspring genotype and segregation 66 states probabilistically to account for uncertainty in the genetic data and the called parental 67 haplotypes. In the second step we call, phase, and impute the offspring genotypes by detecting 68 which haplotype segments the offspring inherit from their parents. This process is carried out using 69 multi-locus iterative peeling (Whalen et al., 2018) . For a detailed description of the approach, see 70 the Supplementary Information. 71
Our two-step approach builds closely on previous research. It can be interpreted as: ). We then dropped the haplotypes through the pedigree 90 of full-sib families using AlphaSimR (Gaynor et al., 2019) . We generated GBS data by assuming 91 the number of reads at each locus of an individual followed a Poisson distribution with mean equal 92 to a coverage level of 0.5x, 1x, 2x, and 5x and that there was an 0.1% sequencing error rate. The 93 parents either had no GBS data, had low-coverage GBS data at the same coverage as offspring, or 94 had high-coverage (25x) GBS data. We measured imputation accuracy as the correlation between 95
Increasing accuracy via family-specific genotype arrays 6 an individual's true genotype and their imputed genotype dosage averaged across 10 replicates of 96 100 full-sib families. 97 Figure 1 presents imputation accuracy across all of the simulations. Imputation accuracy 98 increased with higher GBS coverage, a larger number of genotyped offspring, and more 99 information on the parents. Imputation accuracy was high in a range of cases: if the parents were 100 sequenced at high-coverage imputation accuracy was 0.995 with 15 offspring sequenced at 1x; if 101 the parents were sequenced at the same coverage as the offspring, imputation accuracy was 0.990 102 with 10 offspring sequenced at 2x; and if the parents had no data, imputation accuracy was 0.997 103 with 20 offspring sequenced at 2x. 104
The primary factor determining imputation accuracy was the total sequencing resources 105 spent on a family. Low sequencing coverage on the parents could be compensated by sequencing 106 additional offspring or sequencing those offspring at higher coverage. When only a few offspring 107 were available this could be compensated by sequencing those offspring at higher coverage. 108
The computational requirements of AlphaFamImpute were low. When imputing 100 full-109 sib families with 100 offspring each (total 200 parents and 10,000 offspring) imputation took 106 110 seconds and used 308 megabytes of memory for 1,000 loci on one chromosome. 111
Conclusion 112
In this paper, we have described the AlphaFamImpute software package for performing 113 fast, high-accuracy calling, phasing and imputing genome-wide genotypes in full-sib families from 114 GBS data. This program will improve the quality of genome-wide genotypes from low-coverage 115 GBS in a range of research and breeding applications. 116 
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